The bifunctional of the nonadditive kinetic energy in the reference system of noninteracting electrons (T s nad
Introduction
The key quantity in orbital-free embedding calculations, 1 in which the subsystem of primary interest (subsystem A) is described at the orbital-level, whereas the environment of this subsystem is described using only its electron density (F B ), is the bifunctional of the nonadditive kinetic energy where T s [F] denotes the kinetic energy in the reference system of noninteracting electrons as defined in the Levy's constrained search. 2 The functional derivative of T s nad [F A ,F B ] with respect to F A is a component of the effective potential in Kohn-Shamlike one-electron equations 1 for embedded orbitals (φ i A ), which are used to construct the embedded electron density
where 2N A is the number of electrons in the embedded subsystem. The label KSCED stands for Kohn-Sham Equations with Constrained Electron Density and is used here to indicate that ({φ i A }) are not the Kohn-Sham orbitals 3 and that the effective multiplicative potential in these equations is not the corresponding Kohn-Sham effective potential for neither the whole system nor the isolated subsystem A 
[ -
(V KS [F A ;r b]). All formulas are given in atomic units for the closed-shell case in this work. These units are also used in the discussion of numerical results except for dipole moments (in Debye, 1 D ) 0.39343 e‚Bohr) and orbital energies (in eV, 1 eV ) 0.00367493 Hartree). The effective potential in eq 2 has the following form where the part representing the environment reads
Various computational studies based on eq 2 have been reported recently. [4] [5] [6] [7] [8] [9] [10] [11] The functional derivative of T s nad [F A ,F B ] is also used in the Cortona's formulation of density functional theory (DFT) 12 as well as in the wave function-in-DFT embedding approach by Carter, Wang, and collaborators. 13 In the context of embedding, it is worthwhile to underline the qualitative difference between the electrostatic components (the first two terms) and the last three terms of the embedding potential in eq 4. The electrostatic components correspond to functionals which are linear in
.) The terms depending on exchange-correlation-and kinetic energies, however, correspond to functionals which are not linear in F A . For a recent discussion of deviation from linearity of the exact functional T [F] 16, 17 known also as the local density approximation (LDA)), leads to the following expression which is obviously nonlinear in F A . Similarly, using the generalized gradient approximation (GGA) to T s [F] where s ) |∇F|/(2Fk F ) with k F ) (3π 2 F) The approximation of eq 8 applied in eq 2 affects obviously the embedded orbitals. As a consequence, molecular properties are affected by this approximation. For any observable, the difference between the results obtained from the linearized and nonlinearized versions of eq 2 are referred to as linearization error (LE) in this work. The approximation of eq 8 is referred to as linearization approximation. F A 0 and F B are chosen as the Kohn-Sham ground-state electron densities of the isolated subsystems A and B. The local density approximation [18] [19] [20] to the exchange-correlation energy functional (E xc [F] ) is used in all calculations.
The set of model embedded subsystems considered here (see Table 1 ) comprises molecules involved in common nonbonding interactions occurring in soft-condensed matter: van der Waals contacts, hydrogen bonded complexes, complexes involving charged species, and a representative intermolecular complex of a charge-transfer character. 21 They form a series, in which formation of the complex involves electron density deformation of increasing magnitude. In particular, the electron density deformation in the NH 3 -ClF complex is known to be strong. 21 The adequacy of the linearization approximation, in which the electron density of the isolated molecule is used as F A 0 in eq 11, can be expected to decrease along this series. Note that homomolecular dimers occur twice in the tables because the two monomers are not equivalent.
The linearization errors of the following complexation induced properties: energies of interactions between the subsystems, dipole moments, orbital energies, and deformations of electron density are analyzed.
Unless specified, the discussed results are obtained using the aug-cc-pVTZ 22, 23 basis set for all elements except for lithium (cc-pVTZ 24, 23 ). The atomic basis sets are centered on all atoms in the whole investigated complex including
the embedded subsystem and its environment (KSCED(s) calculations according to the nomenclature of ref 25) for equilibrium geometries of each dimer. 26 In a dedicated section concerning the role of the size of the atomic basis sets on the evaluated errors the following series of basis sets is used: aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z. 22 27, 28 ). All the calculations are performed on the "(99,590)p" pruned grid using 10 -9 self-consistent cycle convergence criterion and the GEN-A4* auxiliary basis set. 29 Two levels of approximation to T s nad [ 25 , defined in eq 9, in which the function F(s) has the Lembarki-Chermette (LC94) form 30 Tildas used above indicate that the considered functionals are not exact.
The GGA97 approximation to T s nad [F A ,F B ] is considered here in addition to T s nad(LDA) [F A ,F B ] because of its use in most of our own studies applying eq 2 for embedded subsystems where F A and F B do not overlap strongly. The GGA97 choice is motivated by the fact that the associated functional derivative was shown to be the most accurate among several gradient-dependent approximations 25, 31 in the case of small overlaps between F A and F B .
Results and Discussions
Orbital Energies. Table 1 ; they are, however, still about 2 orders of magnitude smaller than the total complexation induced shifts of this property. Such small relative errors in this case might even seem surprising, taking into account the fact that the cation polarizes strongly the water molecule in the complex and the adequacy of using F A 0 in eq 8 is not evident. LEs amount to less than 10% of the complexation induced shifts in the orbital energies in this case. For NH 3 in the NH 3 -ClF complex, however, LE in the energy of LUEO reaches 0.6 eV which is unacceptable because this error represents about 50% of the magnitude of complexation induced shifts of HOEO or LUEO. This failure of the linearization approximation of eq 8 could be expected because the NH 3 -ClF complex is known for its charge-transfer character. 21 It is worthwhile to notice that LEs in the energies of unoccupied orbitals are larger than the ones of occupied orbitals in almost all cases. The fact that linearization approximation affects more unoccupied orbitals than occupied ones, indicates that linearizing T s nad [F A ,F B ] should be applied with a proper care in such applications of the orbitalfree embedding potential which aim at the energies of the electronic excitations. 32, 33 
quantities for the embedded system. Any change in the effective potential such as linearization of T s nad [F A ,F B ] might affect them less than local quantities such as electron density perturbation:
. Analyses made in previous sections indicate that Li + -H 2 O is the one among the analyzed systems, for which LEs are the largest being sufficiently small that the linearization approximation is fully applicable. For this system, large changes of electron density can be expected due to the polarization of the water molecule (subsystem A) by the positive charge of the cation. Indeed, electron density deformation derived from conventional Kohn-Sham calculations is the largest in the vicinity of the oxygen atom (see Figure 1) LEs in the interaction energy are lower or equal than 1 µHartree for all five systems, using all the basis sets. As far as LEs in the orbital energies are concerned, they lie well below the 5 meV threshold. It is worthwhile to note that such small errors are negligible compared to the variability of the complexation induced shifts in the orbital energies calculated using various basis sets.
The negligible variation of LEs of all investigated properties upon the changes of the basis set results probably from the fact that embedded orbitals are constructed using all atomic centers including the atoms of the environment. Therefore, even at the aug-cc-pVDZ level δT s nad [F,F B ]/ δF| F)F A (r b) is adequately represented around atoms of the environment.
The change of approximation for the exchange-correlation energy from LDA to GGA does not influence the observed trends concerning the errors due to linearization of T s nad [F A ,F B ] in F A . For instance, for PW91 approximation the largest LE of the interaction energy is found for NH 3 -ClF and reaches 532 µHartree (for the GGA97 functional, using the aug-cc-pVTZ basis set). 
Conclusions

